Asexual reproduction is widespread in land plants, including ferns where 10% of all species are obligate asexuals. In these ferns, apogamous sporophytes are generated directly from gametophytes, bypassing fertilization. In the model fern Ceratopteris richardii, a sexual species, apogamy can be induced by culture on high sugar media. BABY BOOM (BBM) genes in angiosperms are known to promote somatic embryogenesis, which like apogamy produce sporophytes without fertilization. Here, a Brassica napus BBM (BnBBM) was used to investigate genetic similarity between apogamy in ferns and somatic embryogenesis in angiosperms. A C. richardii transcriptome was constructed from which one AINTEGUMENTA-LIKE unigene, CrANT, was identified. Whole mount in situ hybridization showed that CrANT is expressed in sperm and fertilized eggs. Phylogenetic analysis grouped CrANT with other non-seed-plant ANT genes to the euANT clade but in a branch separate from BBM genes. Overexpression of CrANT or BnBBM promotes apogamy in C. richardii without sugar supplement. CrANT knockdown gametophytes responded weakly to sugar for apogamy promotion. Theses results suggest some genetic conservation between apogamy and somatic embryogenesis and that such asexual reproduction may be ancient.
INTRODUCTION
Although the life cycle of the vast majority of land plants features sexual reproduction, some species can also reproduce asexually through non-zygotic embryogenesis. About 400 species within 40 angiosperm families produce seeds asexually, without meiosis or fertilization, through several distinct processes collectively called apomixis (Asker and Jerling, 1992) . More recent studies report a much higher number of apomictic species from 78 families (Hojsgaard et al., 2014) . The propensity for asexual reproduction is not a recently evolved trait; in fact, asexual reproduction is more frequent in ferns (non-seed vascular plants) than in seed plants. It is estimated that 10% of extant fern species reproduce only asexually (obligate asexuals) by producing sporophytes directly from gametophytes without fertilization (apogamy), perhaps as an adaptation to a harsh environment (Sheffield and Bell, 1987; Liu et al., 2012) . These obligate asexuals lack functional archegonia: apogamous sporophytes develop from the notch meristem region of the gametophytes where archegonia are located (Huang et al., 2011; Dyer et al., 2012) .
It has been known for over a century (Lang, 1898 ) that many fern species, such as the model fern Ceratopteris richardii (Cordle et al., 2007) , that do not reproduce asexually in nature can often be coaxed in the laboratory to produce apogamous sporophytes by culture on media supplemented with high levels of sugar if fertilization is prevented. This phenomenon demonstrates the plasticity of the reproductive program and such plasticity is likely to be a rich source for the recurring evolution of asexual reproduction.
Somatic embryogenesis in seed plants can be viewed as a form of asexual reproduction. Under specific conditions, vegetative cells redeploy the program of embryogenesis normally followed by the zygote to form somatic embryos (Zimmerman, 1993; Wang et al., 2010; Yang and Zhang, 2010; Smertenko and Bozhkov, 2014) . In many species, gametophytic tissues, especially microspores can also be induced to produce gametic embryos. A common set of genes, including BABY BOOM (BBM), has been found to be induced during embryogenesis of the microsporic, somatic, and zygotic origins (Boutilier et al., 2002; Soriano et al., 2013) .
The APETALA 2/ETHYLENE-RESPONSIVE ELEMENT BINDING FACTOR (AP2/ERF) subfamily (for simplicity, AP2 family will be used hereon) belongs to the AP2/ERF superfamily of transcription factors, which contains three classes of genes based on the number of AP2 domains in each member (Riechmann and Meyerowitz, 1998; Kim et al., 2006) . Members of the AP2 family encode proteins with two AP2 domains; these proteins play important roles in plant development (El Ouakfaoui et al., 2010) . Phylogenetic studies of the AP2 family in land plants revealed two distinct lineages: euAP2 and ANT, with the latter further split into basalANT and euANT based on the absence or presence of the four euANT1, 2, 3, and 4 motifs, respectively (Kim et al., 2006; Floyd and Bowman, 2007) . Whereas euAP2 genes are primarily involved in the transition from vegetative growth to flowering (Bowman et al., 1989; Riechmann and Meyerowitz, 1998; Floyd and Bowman, 2007) , members of the ANT lineage act in a broad range of developmental processes (Boutilier et al., 2002; Aida et al., 2004; Nole-Wilson et al., 2005; Floyd and Bowman, 2007; Prasad et al., 2011) . In Arabidopsis, members of the euANT lineage include AINTEGUMENTA (ANT), AINTEGUMENTA-LIKE (AIL) 1, AIL5/PLETHORA (PLT)5, PLT1, PLT2, AIL6/ PLT3, AIL7/PLT7 and BBM (Aoyama et al., 2012) . Among them, PLT genes regulate stem cell niche formation in root apical meristems (Aida et al., 2004) , and ANT and AIL genes are essential in the regulation of floral meristems and floral organ growth (Mizukami and Fischer, 2000) . BBM and a subset of the PTL genes form a distinct clade within the euANT lineage (Kim et al., 2006) .
BBM was originally identified as a marker for embryogenic cells in Brassica napus microspore-derived tissue culture (Boutilier et al., 2002) . Ectopic expression of B. napus BBM (BnBBM) or its soybean homolog (GmBBM1) results in spontaneous somatic embryogenesis in planta in Arabidopsis and Brassica (Boutilier et al., 2002; El Ouakfaoui et al., 2010) . In sweet peppers, ectopic expression of BnBBM increases the regeneration rate in Agrobacteriummediated transformation and induces somatic embryogenesis on cotyledons (Heidmann et al., 2011) . Additionally, heterologous expression of Arabidopsis or B. napus BBM in tobacco enhances the regenerative capacity and induces spontaneous callus, root and shoot formation (Srinivasan et al., 2007) . Induced expression of a BBM::GR fusion protein activates a diverse collection of downstream target genes, many of which are involved in cell proliferation and cell growth pathways (Passarinho et al., 2008) . Recently, BBM has been shown to cause apomixis in grasses (Conner et al., 2015) .
In a search for genes that promote apogamy in ferns, we have identified CrANT, a fern homolog of the Arabidopsis ANT gene. Interestingly, the expression pattern of CrANT is similar to that of the Arabidopsis BBM (AtBBM) during early stages of embryo development (Boutilier et al., 2002) and in the sperm (Borges et al., 2008) . Ectopic expression of either CrANT or BnBBM in C. richardii gametophytes promoted spontaneous production of apogamous sporophytes from transgenic gametophytes growing on basal media (without sugar supplement) or in soil. Knockdown of the expression of CrANT decreased the gametophyte's response to sugar-induced apogamy. These results are intriguing because although C. richardii apparently lacks a BBM gene, as do the two other non-seed plants with sequenced genomes, Selaginella moellendorffii and Physcomitrella patens, overexpression of either CrANT or BnBBM genes had a profound effect -the switching of the developmental program from gametophyte to sporophyte. To the best of our knowledge, this is both the first report of an over-and knockdown-expression study in any nonseed vascular plant, and the first time apogamy was promoted by ectopic expression of a transgene in a fern. This study provides insight into the molecular mechanism underlying apogamy in ferns and a possible case of the evolutionary conservation of the function of a gene during its diversification in the evolution of vascular plants.
RESULTS

CrANT is a homolog of AtANT
The partial CrANT sequence cloned from C. richardii was used to identify the full-length sequence coding for the CrANT transcript from the transcriptome. Phylogenetic analysis suggests that CrANT is part of a monophyletic clade including the Arabidopsis ANT and AIL1 genes, Aintegumenta-like sequences from gymnosperms (Gnetum parviflorum, Cycas revoluta, Ginkgo biloba) and in a basal grade sequences from Monilophytes (Adiantum capillus veneris), Lycophytes (Selaginella moellendorffii) and Bryophytes (Physcomitrella patens, Marchantia polymorpha). The clade containing BBM genes of flowering plants including the Arabidopsis BBM gene together with the PLT1 and PLT2 genes is sister to the CrANT containing lineage. Therefore, CrANT is more closely related to the clade containing the Arabidopsis ANT gene, AT4G37750, than to any of the BBM sequences known from flowering plants. The only other gene containing two AP2 domains identified in our transcriptome belongs to the euAP2 clade (Figure 1) . The domain composition of the protein both at the N and C-terminal regions were assessed according to El Ouakfaoui et al. (2010) . The AtANT, CrANT and AtBBM sequences were aligned and allowed the assessment of the presence and conservation of N and C-terminal domains in the alignment ( Figure S1 ). Among the N-terminal domains, the C. richardii sequence exhibits well conserved euANT-3, euANT-5 and euANT-4 domains while the euANT-2 and BBM-1 domains are divergent from the BBM sequence. The latter two domains are important in regulating somatic embryogenesis in Arabidopsis (El Ouakfaoui et al., 2010) . At the C-terminal region, the euANT-6 domain is well conserved between the ANT genes whereas the BBM-2, -3, -4 and -5 domains cannot be recognized in the ANT genes. This clearly underlines the functional relatedness of CrANT to that of the Arabidopsis ANT gene.
CrANT is expressed during sexual reproduction in C. richardii
The Arabidopsis euANT lineage contains eight genes, ANT, PLT1, PLT2, AIL1, AIL5, AIL6, AIL7 and BBM (Aoyama et al., 2012) . These genes regulate various developmental processes including the formation of stem cells and embryogenesis in Arabidopsis (Boutilier et al., 2002; Aida et al., 2004; Nole-Wilson et al., 2005; Aoyama et al., 2012) . Whole mount in situ hybridization showed CrANT expression in the sperm (Figure 2a, b) , but not in egg cell (Figure 2a) , and in the 4-cell zygote 48 h post fertilization (Figure 2c ). In contrast, qRT-PCR failed to detect these subtle changes in CrANT expression before and after fertilization (Figure 2g ). In the sporophyte, CrANT expression is highest in the emerging fertile fronds(fiddleheads) (Figure 2f) . CrANT expression in sperm cells and zygotes of C. richardii is reminiscent of BBM expression throughout microspore and zygotic embryo development in Brassica and Arabidopsis (Boutilier et al., 2002;  Figure S2 ).
CrANT-and BnBBM-overexpressing C. richardii exhibit similar phenotypes BBM is a key regulator of embryo development in angiosperms and ectopic expression of this gene results in somatic embryogenesis in tissue culture and in planta in numerous angiosperm species (Boutilier et al., 2002; El Ouakfaoui et al., 2010; Heidmann et al., 2011) . To compare somatic embryogenesis in angiosperms to apogamy in ferns, we ectopically expressed CrANT and BnBBM (Figure 3a ) in C. richardii gametophytes using an Agrobacterium-mediated transformation method (Bui et al., 2015) . The first sign of gametophyte regeneration seen in 35S: CrANT-and 35S:BnBBM-expressing gametophytes appeared 10d after co-cultivation with Agrobacteria. In 3-6 weeks, clusters of regenerated gametophytes proliferated from the initial gametophytes (Figure 3c,d ). For clarification, regeneration is defined as a sporophyte producing a new sporophyte or a gametophyte producing a gametophyte in either angiosperms or in ferns. Similar to the stimulating effects of BBM on regeneration observed in angiosperms (Boutilier et al., 2002; Heidmann et al., 2011) , overexpression of CrANT and BnBBM in C. richardii increased the transformation efficiency of the gametophytes (Table 1 ). The increased ability of gametophytes to regenerate was sustained in transformed gametophytes as indicated by new gametophytes continuing to appear on each cluster for 3 months on selective media (Figure S3b, c) , as compared with the control (transformed with the vector expressing the GFP gene), which showed no new regeneration ( Figure S3a ). The majority of T 0 gametophytes (the first generation of transgenic gametophytes) bore more than one regenerated prothallus ( Figure S3d ), presumably each representing an independent transformation event.
In gametophytes expressing 35S:CrANT, the GFP signal was detected in the nuclei of all cells, with the strongest signal in the antheridia where sperm cells reside (Figure 3f ). The GFP signal was also present in the cells of the Heterologous expression of BnBBM gives rise to more abnormal morphologies than overexpression of CrANT in C. richardii Overexpression of BBM gave rise to abnormal morphologies including thickened or callused hypocotyls, ectopic shoots or roots, short roots, and callus formation in both Arabidopsis and Brassica (Boutilier et al., 2002) . Similar pleiotropy was also observed in both gametophyte and sporophyte generations of C. richardii transformed with the BnBBM construct. In the T 0 gametophyte generation, expression of BnBBM altered the normally cordate shape of the gametophyte ( Figure S4a ); these abnormal shapes varied from convex ( Figure S4b ) to cylindrical ( Figure S4c ) to shoot-like structures ( Figure S4d ). Callus formation, normally seen in fern gametophytes when grown on hormone-containing media (Bristow, 1962; Breznovits, 1994) , was also pronounced at the edge of transgenic gametophytes grown on hormone-free media ( Figure S4e ). Additional phenotypes were seen on the shoots at a low penetrance in the T 1 sporophyte generation. These effects include excess shoot regeneration ( Figure S4g ), enlarged shoot apical meristems ( Figure S4i ) and long, sheath-like leaves ( Figure S4h ). Additionally, expression of BnBBM in the sporophyte generation accelerated adventitious bud formation ( Figure S4k, l) , a phenomenon that normally occurs on sterile fern fronds growing in soil ( Figure S4j ). In contrast, ectopic expression of CrANT only showed occasional callus formation (Figure 4j ).
Overexpression of CrANT and BnBBM results in spontaneous apogamy induction in C. richardii
Apogamy can be induced in C. richardii by supplementing basal media with high levels of sugar (2.5% glucose, Cordle et al., 2007) . The most striking phenotype in the T 0 gametophyte expressing CrANT or BnBBM was the spontaneous occurrence of apogamy on media lacking sugar (Figure 4 and Table S2 ). The percentage of apogamy (i.e. the number of gametophytes showing at least one apogamous sporophyte divided by total number of gametophytes) in the CrANT-and BnBBM-expressing gametophytes is much higher than untransformed gametophytes growing on basal media (Figure 4a ) or gametophytes transformed with the empty vector containing only 35S:GFP (Table 2 ). More importantly, the frequency of apogamy in gametophytes expressing CrANT or BnBBM is significantly higher than induction by sugar, with more than 1.5 or 2 times more of the transformed gametophytes showing apogamous sporophytes, respectively (Figure 4a ).
The apogamous sporophytes exhibited abnormal morphologies, ranging from elongated and blade-like to slightly lobed (Figure 4c, d, f, g, i, j) , compared to the zygote-derived wild-type sporophyte (Figure 4e ). Prior to the emergence of apogamous sporophytes, ramenta (scales), single-cell-layer structures present on the stipe and rachis of zygote-derived sporophytes and adventitious buds, heralded apogamy in areas where future apogamous sporophytes would appear ( Figure S5a, b) . The tips of ramenta were filled with starch grains, as revealed by Lugol's iodine staining ( Figure S5c ). The presence of starch suggests that ramenta may serve as a nutrient storage organ during apogamous sporophyte development. As seen in sugar-induced apogamy (Cordle et al., 2007) , the first histological sign of apogamy is the appearance of tracheids, marking the onset of vascular tissue development, which does not occur in the surrounding gametophytic tissues ( Figure S5e ). In addition, those apogamous sporophytes developed stomata (Figure 5d ), another sporophyte-specific feature. As apogamous sporophytes
(e) (g) arose directly from the gametophytes without fertilization, they were expected to have the same ploidy as the gametophytes. The ploidy of these apogamous sporophytes was compared to sexual sporophytes and spore-derived gametophytes to confirm their asexual origin ( Figure S5f ). The ploidy, together with the presence of sporophytic characteristics, indicates that ectopic expression of CrANT and BnBBM induced apogamy in C. richardii. CrANT. The % apogamy was calculated based on the number of gametophytes exhibiting at least one apogamous sporophyte divided by the total number of gametophytes that survived the selection (full data are presented in Table 2 and Table S2 ). BFM, basal fern medium. Asterisks denote levels of significant difference between different groups at P = 0.1 (1 asterisk) or P = 0.05 (2 asterisks) calculated using Student's t-test using Excel Microsoft Office 2013.
Knocking down the expression of CrANT decreases transformation efficiency and sugar-induced apogamy
To further confirm the positive effects of CrANT on regeneration and on apogamy, we suppressed the expression of CrANT in gametophytes by CrANT RNAi (Figure 5a ). These gametophytes have irregular shapes (Figure 5c, d ) rather than the regular cordate shape of the wild-type gametophyte (Figure 4b ). Unlike the gametophytes overexpressing CrANT, these gametophytes required a low level (0.5% glucose) of supplemented sugar to regenerate, and the regeneration capacity was much lower when compared to the control gametophytes transformed with an empty vector (Table 1) . Apparently, a 0.5% glucose supplement increased regeneration frequency approximately two-fold when the empty vector was used as control (Table 1) . After 2 weeks on basal, MS salts media containing 0.5% glucose, the gametophytes remained alive when transferred to control plates (basal media without glucose) during the subsequent sugar-induced apogamy experiments. To confirm whether CrANT plays a role in apogamy, the regenerated gametophytes were tested as to whether they retained the ability to respond to 2.5% glucose with apogamy. The 2.5% glucose treatment still promoted apogamy in gametophytes transformed with CrANT RNAi construct (Figure 5e , f) but at significantly lower levels ( Figure 5b and Table 2 ).
DISCUSSION
The BBM gene has been well studied with respect to its role in promoting somatic embryogenesis in angiosperms. This work describes the investigation of a C. richardii homolog of the Arabidopsis ANT gene, CrANT, and a Brassica BBM, BnBBM, in apogamy in a fern. Overexpression of CrANT and BnBBM both significantly increased the occurrence of apogamy in C. richardii without sugar induction. In contrast, knocking down the expression of CrANT diminished sugar-induced apogamy.
CrANT and BBM are both in the euANT lineage but in sister clades
Phylogenetic analysis grouped CrANT and some of the Physcomitrella AP2 family members into the euANT lineage, in a clade sister to BBM (Figure 1 ). Although CrANT does not belong to the BBM clade, its expression pattern during sexual maturation and embryo development resembles that of the BBM gene in Arabidopsis. Both CrANT and AtBBM genes are expressed in the sperm cells and developing embryos, but not in the egg cells in their respective species (Figure 2 , Figure S2 and Boutilier et al., 2002) . Thus, it is possible that these two genes play important roles in sexual reproduction and that the BBM gene in angiosperms has evolved from an ancestral ANT-like gene, such as CrANT which persists in modern ferns. If this is the case, overexpression of CrANT should produce, as reported here, phenotypes similar to BnBBM-expressing C. richardii. Alternatively, the ancestor of BBM and ANT genes might have regulated a broader range of processes with CrANT still possessing this capacity. In either case, future studies with detailed analysis of CrANT expression and further characterization of the phenotypes of the CrANT RNAi lines are necessary for comparisons with ANT genes in other species.
Ectopic expression of CrANT and BnBBM induces apogamy in C. richardii gametophytes BBM has been shown to induce somatic embryogenesis in Arabidopsis and Brassica seedlings (Boutilier et al., 2002) , stimulate shoot and root formation in tobacco (Srinivasan et al., 2007) , and increase regeneration efficiency in sweet pepper (Heidmann et al., 2011) . Somatic embryogenesis in angiosperms and apogamy in ferns both bypass fertilization with the former retaining the ploidy of the sporophytes and the latter retaining the ploidy of the gametophytes. Apogamy does not occur in C. richardii in nature, but can be induced by culturing the gametophytes on media supplemented with 2.5% glucose (Cordle et al., 2007) . The spontaneous apogamy observed in transgenic gametophytes ectopically expressing CrANT and BnBBM gave rise to tissues characteristic of the sporophyte but retaining the ploidy of the gametophytes as in obligate apogamy, which occurs in fern species whose gametophytes lack functional archegonia or antheridia (Farmer and Digby, 1907; Steil, 1939; Sheffield and Bell, 1981) . Unlike obligate apogamy, the induced apogamous sporophytes observed in C. richardii and in other ferns, are morphologically distinct from zygote-derived sporophytes and have not been observed to reach sexual maturity (Lang, 1898; Steil, 1939 Steil, , 1951 Whittier, 1962; Cordle et al., 2007) . This is not surprising, considering the modification and adaptation that afforded a successful selection of obligate apogamy (Horandl, 2009) . The apogamous sporophytes produced by ectopic expression of CrANT or BnBBM exhibited abnormal morphology (Figure 4 ) similar to those induced by sugar (Cordle et al., 2007) . The presence of sporophyte-specific structures like vascular tissue and stomata ( Figure S5 ) in combination with the haploid state ( Figure S5 ) marks apogamy. The first visible sign of apogamy is the appearance of ramenta, which are abundant in gametophytes expressing CrANT or BnBBM during apogamy. Although the appearance of ramenta has long been viewed as the telltale sign of apogamy in obligate apogamy (Farmer and Digby, 1907; Steil, 1939) and more recently, in facultative apogamy (Cordle et al., 2007) , their function had been unknown. Here, we showed that the tip cells of ramenta are filled with starch grains (Figure S5c) , suggesting a possible role in nourishment of developing embryos or adventitious buds. In addition to promoting apogamy, heterologous expression of BnBBM or, to a lesser degree, overexpression of CrANT resulted in various phenotypic effects on both gametophyte and sporophyte generations. In the gametophyte generation, these effects include an increase in transformation efficiency and/or regeneration frequency (Table 1) as well as morphological alterations, such as deviation from the cordate shape of the gametophytes and callus formation. In the sporophyte generation, expression of BnBBM results in excess shoot regeneration and accelerated adventitious shoot development. These effects resemble the phenotypes of fern gametophytes or sporophytes grown on media supplemented with plant growth regulators, such as cytokinin or auxin (Morel and Wetmore, 1951; Bristow, 1962; Fern andez and Revilla, 2003) . Therefore, these results suggest that overexpression of BnBBM or CrANT in C. richardii stimulates developmental pathways that promote cell division and differentiation.
CrANT knockdown in gametophytes decreases frequency of regeneration and sugar-induced apogamy Overexpression of BnBBM and CrANT increased gametophyte regeneration frequency compared with an empty vector expressing GFP (Table 1) . If CrANT plays a role in this process, with CrANT knocked down, regeneration frequency should decrease. Indeed, gametophytes transformed with CrANT RNAi require supplemented sugar (0.5% glucose) to regenerate (died without sugar supplement). Control experiments using the empty vector showed more than five times higher regeneration frequency with 0.5% glucose than those without supplemented sugar (Table 1) . It is unclear how sugar signals and CrANT interact during this stage of regeneration. Knocking down the expression of CrANT decreased but did not abolish the gametophytes' response to 2.5% glucose for promoting apogamy. The residual apogamy response to sugar could be due to incomplete suppression of CrANT (Figure 5a ) and/or the existence of multiple pathways regulating this process. It is unclear why knocking-down of CrANT resulted in a departure from the normal cordate form of gametophytes, though a tempting speculation would be abnormal regulation of cell proliferation, which is a known function of seed-plant ANT (Mizukami and Fischer, 2000) .
EXPERIMENTAL PROCEDURES Plants materials and growth conditions
C. richardii spores of Rn3 strain were sterilized with 3% sodium hypochlorite and Tween 20, rinsed 4-5 times with sterile water, and plated on either inductive (2.5% glucose) or non-inductive (basal fern medium) half-strength MS medium. Prior to plating, spores were incubated at room temperature in the dark for 3 days to synchronize germination. The growth conditions for apogamy induction were as previously described (Cordle et al., 2007) . Fertilization was minimized by inverting the culture plates to prevent water condensation; occasional zygotic sporophytes were easily distinguished from apogamous sporophytes. Some apogamous sporophytes were transferred to soil and grown under a clear plastic dome to maintain high humidity in a 16 h-light, 8 h dark cycle with a light intensity of 100 lM m À2 sec À1 .
RNA-seq and transcriptome assembly
RNA samples were extracted from gametophytes 2, 5, 10, and 12 days after spore germination, and from sporophytes, the fiddleheads, expanded sterile fronds and the tips (undergoing sporogenesis) and base (sporogenesis completed) of the fertile fronds. For each RNA sample, approximately 20-30 million strand-specific single-end reads (101 bp long) were obtained using the Illumina Hiseq2000 sequencer and the full set of reads was assembled de novo with the algorithm provided in the Trinity package (Grabherr et al., 2011) . Assembly of the >200 million reads resulted in a high-quality assembly containing transcripts covering approximately 35 000 putative genes of which 85% are 'full-length' (ORF with a start and stop codon). A comparative analysis with available Viridiplantae proteomes showed that 80% of the transcripts have putative homologs and 20% seem to be 'fern specific'.
Degenerate primer design, cloning and confirming the CrANT gene NCBI BLAST was used to find homologous sequences of ANT in the land plant database. Then, the CODEHOP program (Rose et al., 2003) was used to design degenerate primers with the CLUSTALW multiple sequence alignment results. Gradient PCR was used to amplify fern sequences using appropriate degenerate primers (see Table S1 for primer sequences) with the following program: 5 min at 95°C, (30 sec at 95°C, 30 sec at 50À60°C, 30 sec at 72°C) for 39 cycles, 5 min at 72°C. The PCR product was cloned into a TOPOII â vector (Invitrogen, Carlsbad, CA, USA) and transformed into TOP10 E. coli cells (Invitrogen). Minipreps were performed with a Qiagen Plasmid Kit and the resulting plasmid DNA was sequenced with T7 promoter primers on an ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, CA, USA) at the Carver Center for Genomics (University of Iowa). Full-length sequence of CrANT was obtained by searching the C. richardii transcriptome database using the HMM search option of HMMER3.0 (http://hmmer.org/) and the hidden Markov model (HMM) of the AP2 domain available in the PFAM database (AP2.hmm, PFAMv27.0; Finn et al., 2014) .
Further analyses were conducted to ascertain that the CrANT sequence is a product of a specific gene and to investigate its uniqueness in the C. richardii genome. The publicly available low coverage genome assembly of C. richardii was used as a genomic reference (Wolf et al., 2015) . The CrANT transcript was located in the genome assembly via spliced alignment using two mapping algorithms, implemented in the software ssahaEST (Ning et al., 2001) and exonerate (Slater et al., 2005) . To investigate whether the CrANT transcript maps to a unique genomic position in the genome assembly, both mapping algorithms were allowed to report multiple alignments including suboptional alignments. Specifically, the -best 0 option in ssahaEST and the -model est2genome-bestn5 option in exonerate were used.
Phylogenetic analysis
To infer the phylogenetic position of the CrANT sequence we retrieved all protein sequences containing two AP2 domains connected by a linker sequence from the plant transcription factor database (http://planttfdb.cbi.pku.edu.cn/, Jin et al., 2014) . In the final analysis, sequence data for the following species were included: Arabidopsis thaliana, Oryza sativa subsp. indica, Picea abies, Physcomitrella patens subsp. patens, Populus trichocarpa, Selaginella moellendorffii, and C. richardii. The protein sequences of the two AP2-domain-containing transcripts found in the C. richardii transcriptome were included. In addition, the Brassica napus BBM1 (BnBBM) was included because this gene was used in the reverse genetics experiments. Furthermore, to increase taxonomic coverage we also downloaded ANT-like and BBM sequences from GenBank that were used in previous analyses to reconstruct the evolution of the AP2 family proteins (Shigyo et al., 2006; Floyd and Bowman, 2007; Aya et al., 2014; Wang et al., 2016) . These sequences are: BAD16602.1 (Pinus thunbergii), BAE48515.1 (Ginkgo biloba), BAG23966.1 (Gnetum parvifolium), BAE48513.1 (Cycas revoluta), XP_002977313.1 (Selaginella moellendorffii), AHH34920.1 (Larix gmelinii var. olgensis 9 Larix kaempferi), AEF56566.2 (Larix decidua), XP_002971944.1 (Selaginella moellendorffii), XP_001764166.1 (Physcomitrella patens), AKG26782.1 (Adiantum capillus veneris), BAL04568.1 (Physcomitrella patens), XP_001764237.1 (Physcomitrella patens), OAE22827.1 (Marchantia polymorpha subsp. polymorpha), BAE48517.1 (Gnetum parvifolium). We used the MAFFT Linsi algorithm (Katoh and Standley, 2013) to align protein sequences to the pre-computed PFAM structural alignment. Finally, we also added our CrANT and the BnBBM sequence to the alignment. This preliminary alignment was adjusted by removing highly divergent sequences with fragmentary AP2 domains. Using the edited alignment we inferred the most likely model of protein evolution given our data, a binoj starting tree and the likelihood algorithm implemented in ProtTest 3 (Darriba et al., 2011) . We identified the best model with the lowest AIC and BIC scores. Finally, we inferred the maximum likelihood phylogeny of the sequence data in RAxML v8 (Stamatakis, 2014) using the most likely model of protein evolution (LG + G). We carried out 1000 bootstrap replicates to assess the reliability of the phylogenetic tree.
Proteins of the three sequences CrANT, AtANT (AT4G37750) and BnBBM1 (AF317904) were first aligned by using the Expresso algorithm (Armougom et al., 2006) and then manually adjusted.
RNA extraction and RT-qPCR analysis
Total RNA extraction was performed as previously described (Cordle et al., 2012) . Briefly, frozen tissues were ground to a fine powder and total RNA was extracted using the guanidinium thiocyanate and acid phenol method (Chomczynski and Sacchi, 1987) . The RNA pellet was dissolved in fresh, deionized formamide, heated to 70°C for 10 min in the presence of 0.7 M NaCl and 1% CTAB, and extracted twice with chloroform, then dissolved in DEPC-treated water.
RT-qPCR was performed as previously described (Cordle et al., 2012) with minor modifications. Briefly, 500 ng of total RNA was used to create the first-strand cDNA using 9-nucleotide random primers, and 1 lL of the synthesized cDNA was used for qPCR analysis. The qPCR was done using the LightCycler 480 SYBR Master kit (Roche Applied Science, Penzberg, Germany) and the LightCycler 480 Real-Time PCR System (Roche Applied Science). The PCR cycle was as follows: 10 min at 95°C, followed by 45 cycles of 10 sec at 95°C, 20 sec at 58°C, and 15 sec at 72°C, with a single fluorescence read at the end of each extension. A melting curve analysis was also performed and analyzed using the T m calling software module to verify the absence of primer dimers or nonspecific products. For analysis, pairs were set manually and raw data was analyzed using Crossing point (Cp) calculation. The highest ratio for each gene/reference pair was set as 1, and the results for other pairs were relative to that. Standard errors calculation and final bar graphs were created using Microsoft Excel for Windows 2007 (Microsoft Corporation). The data of each RT-qPCR experiment are a combination of two biological and two technical replicates.
Agrobacterium-mediated transformation of C. richardii gametophytes Stable transformation of C. richardii with CrANT and BnBBM was performed as described in Bui et al. (2015) . 35S:CrANT and 35S: CrANT RNAi constructs were generated using the Gateway technology as described in Curtis and Grossniklaus (2003) . Briefly, the PCR products of full-length cDNA or the RNAi were cloned into the entry vector pENTR TM /D-TOPOâ (Invitrogen) and transformed into TOP10 E. coli cells (Invitrogen). Minipreps were performed with a Qiagen Plasmid Kit and the resulting plasmid DNA was sequenced. Then, the correct sequence was introduced into the destination vectors, pMDC83 (Gateway) or pH7GWIWG2, for overor knockdown-expression, respectively by LR recombination technology using LR Clonase ™ II enzyme mix (Life Technologies, Carlsbad, CA, USA). The BnBBM construct is a generous gift from Kim Boutilier (Plant Research International, The Netherlands). All three constructs were introduced into the Agrobacterium tumefaciens strain GV3101. The transformants were selected on media containing 5 mg L À1 hygromycin for the 35S:CrANT or 50 mg L
À1
kanamycin for the 35S:BnBBM constructs. For transforming 35S:CrANT and 35S:BnBBM, the published gametophyte transformation protocol (Bui et al., 2015) was followed exactly. For transforming the 35S:CrANT RNAi constructs, the same protocol was used with the following single modification. Once regeneration is detected, the gametophytes were transferred to half-strength MS salts containing 0.5% glucose instead of salts only. This modification was necessary for regeneration to occur with gametophytes carrying this construct; without the supplemented sugar, the gametophytes did not regenerate and died. In the subsequent apogamy induction experiments, 2.5% and no glucose were supplemented, and the gametophytes remained green on both conditions.
In situ hybridization and DNA measurement
Anti-sense and sense probes used for in situ hybridization experiments were synthesized from 1 lg of linearized plasmid DNA with T7 or SP6 RNA polymerases (Stratagene, San Diego, CA, USA) and DIG RNA labeling mix (Roche). RNA probes were precipitated with 3 M LiCl to remove enzymes and DNA templates before resuspension in DEPC-treated water).
Whole mount in situ hybridization (based on Hej atko et al., 2006) of C. richardii gametophytes was performed on samples fixed with ice-cold FAA (10% formaldehyde, 5% acetic acid and 50% ethanol) overnight, then dehydrated through an ethanol series, permeabilized and treated with proteinase K, post-fixed in 4% paraformaldehyde for 20 min at room temperature. After 90 min pre-hybridization at 55°C, hybridization was performed with RNA probes with the concentration of 1 ng lL
À1
. Gametophytes were then washed and RNase treated, blocked with blocking solutions (Roche), then incubated for 2 h in a 1/1000 dilution of anti-DIG AP Fab fragments (Roche) in 1% blocking solution. Detection was performed with 1 9 color substrate solutions (NBT/BCIP, Roche) in detection buffer (100 mM Tris-base pH 9.5 and 150 mM NaCl) overnight. Gametophytes were mounted in 50% glycerol and digital photos were taken through a Leica DM LB microscope.
For ploidy level determination using Hoechst dye, three replicates were done for each sample type, with at least five gametophytes (haploid standard), young sporophytes (diploid standard) and apogamous sporophytes in each replicate. Sample treatment, Hoechst staining and florescence intensity quantification were as described in detail in Cordle et al. (2007) and Bui et al. (2012) . Florescence intensity quantification was performed on 15 in-focus nuclei for each sample.
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